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ABSTRACT
◥

Purpose: Therapy resistance and fatal disease progression in
glioblastoma are thought to result from the dynamics of intra-tumor
heterogeneity. This study aimed at identifying and molecularly
targeting tumor cells that can survive, adapt, and subclonally
expand under primary therapy.

Experimental Design: To identify candidate markers and
to experimentally access dynamics of subclonal progression
in glioblastoma, we established a discovery cohort of paired
vital cell samples obtained before and after primary therapy.
We further used two independent validation cohorts of paired
clinical tissues to test our findings. Follow-up preclinical treatment
strategies were evaluated in patient-derived xenografts.

Results: We describe, in clinical samples, an archetype of
rare ALDH1A1þ tumor cells that enrich and acquire AKT-
mediated drug resistance in response to standard-of-care

temozolomide (TMZ). Importantly, we observe that drug
resistance of ALDH1A1þ cells is not intrinsic, but rather an
adaptive mechanism emerging exclusively after TMZ treat-
ment. In patient cells and xenograft models of disease, we
recapitulate the enrichment of ALDH1A1þ cells under the
influence of TMZ. We demonstrate that their subclonal pro-
gression is AKT-driven and can be interfered with by well-
timed sequential rather than simultaneous antitumor combi-
nation strategy.

Conclusions: Drug-resistant ALDH1A1þ/pAKTþ subclones
accumulate in patient tissues upon adaptation to TMZ therapy.
These subclones may therefore represent a dynamic target in
glioblastoma. Our study proposes the combination of TMZ and
AKT inhibitors in a sequential treatment schedule as a rationale for
future clinical investigation.

Introduction
Patients with glioblastoma receiving standard-of-care treatment

almost always experience disease progression under primary therapy
that is surgery and combined radiotherapy (RT)- and temozolomide

(TMZ)-based chemotherapy (RT/TMZ; ref. 1). Research on mechan-
ismsofRTandTMZresistance is rapidly progressing (e.g., refs. 2–5), but
there is little evidence for improvement of clinical outcome in the care of
glioblastoma relapse (6, 7). Longitudinal heterogeneity of potential
cellular targets in recurrent versus primary tumor tissue is a known
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phenomenon (8) and there is evidence for subclonal trajectories in the
progress towards clinical relapse (cR). Bulk sequencing of paired tissue,
obtained before and after primary therapy, reveals oligoclonal regrowth
patterns without a stereotype of recurrence-specific gene alterations
(9–11). This challenges the view of ongoing genetic evolution as a
primary cause of resistance at relapse, despite some evidence that TMZ
itself might contribute to resistance by selecting for specific protein
activities, e.g., involved in AKT signaling (11, 12).

To further elucidate the cellular dynamics of intra-tumor progres-
sion and to define rational targeting strategies at glioblastoma relapse,
this study relied on the use of paired clinical samples representing the
status of treatment-naïve primary disease and the posttreatment
relapse status of the same patient. Discovery, exploration, and vali-
dation of respectively paired data suggests an enrichment and AKT-
based acquired resistance in subclonal ALDH1A1þ cell hierarchies
that appears to be specifically an adaptation to TMZexposure.We here
show the consequent resilience to further TMZ and that henceforth
subclonal progression can be interrupted, in preclinical models, by
sequential inhibition of AKT providing a yet unconsidered functional
targeting approach for future clinical exploration.

Materials and Methods
Research samples

Prospectively collected tumor tissue of patients with isocitrate
dehydrogenase wild-type (IDHWT) glioblastoma at the University
Bonn Medical Center was used for derivation of the vital cell samples
of the ‘discovery cohort’ (n ¼ 15 samples from n ¼ 7 patients;
Supplementary Table S1). The ‘validation cohort’ consisted of paired
formalin-fixed, paraffin-embedded (FFPE) tissue from treatment-
naïve and cR (following initial treatment) of n ¼ 38 patients with
IDHWT glioblastoma (Supplementary Fig. S1). Specimens were pro-
vided by the Department of Neuropathology, University of Bonn
Medical Center (patient IDs: ‘BN’), the central nervous system (CNS)
tumor tissue bank at the Department of Neuropathology, University
Hospital Düsseldorf and the biobank of the University Hospital Essen
(patient IDs: ‘DE’; Supplementary Table S2). Studies were conducted
in accordance with recognized ethical guidelines (Declaration of
Helsinki). Respective local ethics committees (institutional review
boards) approved the study; all patients provided informed written
consent. Tumor classification relied on theWorldHealthOrganization
guidelines from 2021 (13). The IDH mutation status was determined
by IHCwith an IDH-R132H–specific antibody followed by sequencing
of IDH1 codon 132 and IDH2 codon 172 (14). The O6-methylguanine
DNAmethyltransferase (MGMT) promoter methylation status of the
samples was determined by methylation-specific PCR or by pyrose-
quencing, according to (15, 16). The ‘external reference cohort’
comprised data of n ¼ 37 IDHWT glioblastoma patients (treatment-
naïve vs. TMZ-exposed relapse) extracted from (ref. 10; see External
validation of differentially regulated genes).

Candidate marker discovery and validation
Gene expression status of the ‘discovery cohort’ was determined at

passage 6�1 applying the GeneChip Human Transcriptome Array 2.0
(Affymetrix Inc., San Diego) at the Department of Genomics, Life &
Brain Center, University Bonn, Germany. Briefly, total RNA was
isolated from vital cell samples using the RNeasy Mini Kit (Qiagen,
Hilden, Germany). Complementary cDNA synthesis of 500 ng total
RNA was performed using the Expand Reverse Transcriptase Kit
including RNase Inhibitor (Roche, Basel, Switzerland). Sample prep-
aration, hybridization, and quality control were performed according
to Affymetrix’s recommended protocols. RawCEL files were imported
into the Affymetrix Expression Console, and gene-level analysis was
performed (NCBI/GEO accession No. GSE145128). Mapping of pro-
besets to genes was based on the Affymetrix ‘HTA-2_0.na34.hg19.
transcript’ annotation file. To assess differential gene expression, we
used the R-package ‘limma’. Candidate genes were queried for direct
protein–protein interactions using the human-specific interaction
database HIPPIE (17). Network layout and data visualization was
performed with Cytoscape v.3.7.1 (www.cytoscape.org). Interactions
with a low confidence score (<0.49) were discarded. In the resulting
protein–protein interaction network, nodes represent genes, labeled
nodes represent differentially regulated candidate genes (Supplemen-
tary Table S3).We analyzed paired RNA expression data of 37 patients
with IDHWT glioblastoma derived at tumor diagnosis and first tumor
relapse (GLASS cohort; ref. 10).We selected the 175 genes identified on
the basis of known association with TMZ treatment resistance, from
pathways involved in stemness, DNA repair, and AKT signaling. Eight
of the genes were differentially regulated by three criteria: (i) Statis-
tically significant difference (FDR < 5%); (ii) Mean fold change (mFC)
was > 2 or < �2; (iii) More than 2-fold differentially regulated in the
same direction in at least 9 sample pairs.

Gene set enrichment analysis
Differentially enriched gene sets derived from comparing micro-

array gene expression data of relapse cells (TMZ!eR or cR) and
treatment-naïve cells of the ‘discovery cohort’ were subjected to gene
set enrichment analysis (GSEA; version 4.0.3 from the Broad Institute
at MIT) using the MSigDB C2 database (GMT file c2.all.v6.2.symbols.
gmt), 1,000 permutations, and a gene set size between 15 and 500 genes
(n ¼ 3,765 gene sets). Normalized enrichment score and FDR were
used to determine statistical significance. Only gene sets with an FDR
value < 0.05 (n ¼ 246) were considered for further analysis.

Whole-exome sequencing
DNA isolation was performed on the ‘discovery cohort’ cell samples

at passage 6�1 using Allprep DNA/RNA Kit (Qiagen) und Dneasy
Blood & Tissue Kit (Qiagen). Library preparation on 50 ng DNA used
Twist Human Core Exome Plus (Twist Bioscience). DNA sequencing
was conducted on a NovaSeq 6000 system with 2�100 bp as flow cell
type. Sequences with Q30 value > 93% were kept for analysis. Demul-
tiplexing was performed with Illumina bcl2fastq (2.20), adapters were
trimmed with Skewer (version 0.2.2; ref. 18). Quality trimming of the
reads was not performed. DNA-Seq: Trimmed raw reads were aligned
to the human reference genome (hg19) using the Burrows-Wheeler
Aligner (BWA-mem version 0.7.17-cegat) and ABRA (version 2.18)
for realignment of reads in target regions to facilitate accurate indel
calling. In the reference hg19 the pseudoautosomal regions (PAR) on
chromosome Y were masked (chrY:10001–2649520, chrY:59034050–
59363566) to prevent reads that map to this region from being
discarded due to mapping to two different chromosomes. Reads that
aligned to more than one locus were discarded. Variant calling: A

Translational Relevance

Molecular evidence for oligoclonal trajectories and expansion of
tumor cells under the influence of primary therapy has recently
been discovered in glioblastoma. Here, we portray the dynamic
phenotype of such a population during therapy and we underline
the need for sequential molecular targeting, not yet considered in
the primary clinical care of glioblastoma.
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proprietary software (CeGaT, T€ubingen, Germany) was used for
variant detection including variants with reasonable frequencies
(observed frequency of alternative alleles from 10% upwards of
sequenced reads). Variants were annotated on the basis of public data
bases. Only variants with a pathogenic Functional Analysis through
Hidden Markov Models (FATHMM) score were considered for
further analysis (v2.3; http://fathmm.biocompute.org.uk). The quality
of FASTQ files was analyzed with FastQC (version 0.11.5).

Histochemistry and immunofluorescence
Antigen labeling in FFPE tissue (4-mm sections) relied on standard

protocols (Table 1). For permanent 3,30-diaminobenzidine (DAB)-
based labeling, automated processing was performed on the Bench-
mark system (Ventana Medical Systems, Roche, Mannheim,
Germany). Negative controls and IgG isotype controls were processed
in parallel with each batch of staining. Quantification used established
methods (19). In brief, five visual fields (200x magnification) that
contained the highest density of immunoreactive cells were selected for
evaluation from every tissue specimen. Areas of unspecific immuno-
reactivity, necrosis, and macrophages were excluded. Two blinded
investigators (B. Scheffler, F.K.H. van Landeghem) estimated the
quantity of immunoreactive cells as a cell score (<1% ¼ 0; 1%–5%
¼ 1; 6%–25% ¼ 2; 26%–50% ¼ 3; > 50% ¼ 4) avoiding areas of
unspecific immunoreactivity, necrosis, and macrophages. Immuno-
fluorescence (IF) analysis on deparaffinized 4-mm tissue sections used
standard protocols for antigen detection, based on the conditions listed
inTable 1. Nuclear staining was performed withHoechst 33342 (1 mg/
mL - New England Biolabs, Ipswich, MA) or with 40,6-diamidino-2-
phenylindole (DAPI)-containing mounting medium (Abcam, Cam-
bridge, UK). A Zeiss inverted microscope was used for documentation
(Zeiss, Oberkochen, Germany). Co-expression analysis for ALDH1A1
and pAKT involved paired samples from naïve versus RT (n¼ 2�12)
and paired naïve versus RT/TMZ (n ¼ 2�13) treatment conditions.
Areas of vital tumor tissue and ALDH1A1þ cell accumulations were
selected by two blinded investigators (D. Trageser, B. Scheffler). Ten
high power fields (HPF; 400x magnification) were assessed per sample
quantifying the presence and pAKT co-expression status, as well as
the total number ofDAPIþnuclei (mean of 336� 30ALDH1A1þ cell
counts per sample). ALDH1A1/Ki67 co-expression in tumors of the
BN46–patient-derived xenograft (PDX)mousemodel was determined
at the respective survival endpoint in four slides per condition. Six
HPFs/slide were assessed for treatments with DMSO [median overall
survival (mOS) ¼ 90 days; range 87–93 days] and TMZþMK2206
(mOS¼ 142 days; range: 127–148 days). Three to six HPFs/slide were
quantified in TMZ-treated PDX brain samples (mOS ¼ 124.5 days;
range: 123–126). The total number of DAPIþ and co-expressing
ALDH1A1þ/Ki67þ cells were determined and used to calculate the
relative percentage of double positive cells per HPF.

Vital cell assays
Short-term expanded vital cell populations were derived from the

‘discovery cohort’ of glioblastoma tissue and maintained in controlled
media conditions (see below; Supplementary Table S1).Mycoplasma-
negative status of all cultured cells were verified by standard PCR-
based testing in 4-week intervals. Paired samples comprised of treat-
ment-naïve cells from primary disease (naïvecells) and cR or experi-
mental relapse (eR) cells from the same patient. cR samples represent
the status post clinical treatment (e.g., RT/TMZ). eR samples represent
the status post in vitro exposure to TMZ (TMZ!eR) or irradiation
(RT!eR). TMZ!eRcells were collected from regrowth of naïvecell
populations following serial exposure toTMZ (500mmol/L) for 16days
every other day. RT!eRcells were derived from regrowth of naïvecell
populations following irradiation challenge 24 hours after plating,
supplying 2 Gy ionizing irradiation daily for 12 days (6-MeV medical
linear accelerator Mevatron MD2, Siemens, Munich, Germany).
Recurring growth of RT!eRcells was noted 38�11 days after the first
irradiation dose.

For data generation, vital samples were used at cell culture
passages 5–12. Unless otherwise specified, cells were grown in lam-
inin/poly-L-ornithine coated dishes in defined proliferative media
containing Neurobasal, 0.5X N2 supplements, 0.5X B27 supplements,
2 mmol/L L-glutamine, and 1 mg/mL laminin (ref. 20); 20 ng/mL
EGF/bFGF (R&DSystems,Wiesbaden,Germany)were provided upon
plating and 10 ng/mL EGF/bFGF every other day thereafter; cell
culture media, reagents, and analytical compounds were obtained
from Life Technologies (Carlsbad, CA) or Sigma-Aldrich (St. Louis,
MO).

In vitro drug exposure
Unless noted otherwise, vital cells were seeded 24 hours prior to

drug exposure onto laminin/poly-L-ornithine coated cell culture
dishes. Compounds were provided fresh with every media change
and as specified in the procedures thereafter [TMZ, 500 mmol/L; N,N-
diethylaminobenzaldehyde (DEAB), 50 mmol/L; MK2206, 1 mmol/L/
5 mmol/L; Selleckchem, Munich, Germany]. Cell confluence was
determined by software-based cell recognition (Cellavista or Nyone,
Synentec, Elmshorn, Germany). AlamarBlue-based cell viability data
were obtained at indicated time points as instructed by the manufac-
turer (Life Technologies) using a Tecan Infinite F200 instrument. For
all paradigms, DMSO was applied in corresponding concentrations to
control cultures. Experiments were conducted in triplicates unless
noted otherwise.

Flow cytometry
For analysis, 2.5�105 to 5�105 Trypsin-dissociated (Thermo Fish-

er, Waltham, MA) single cells were provided with 10% FBS (HyClone,
Cytiva, Marlborough, MA) centrifuged, resuspended in FACS buffer

Table 1. Antibodies and dilutions used for IHC/IF analyses.

Antigen (IHC/IF) Company RRID Clone Clonality Host Dilution

pAKT (Ser473) Millipore AB_1586879 6F5 Monoclonal Mouse 1:200
ALDH1A1 Abcam AB_867566 EP1933Y Monoclonal Rabbit 1:100
Ki67 Zytomed N/A K-2 Monoclonal Mouse 1:200
HRP-linked (DAB-suited) anti-Rabbit IgG Cell Signaling Technology AB_2099233 – Polyclonal Goat 1:5,000
Anti-Rabbit IgG Thermo Fisher AB_2535849 – Polyclonal Goat 1:1,200
Alexa Fluor 555
Anti-Mouse IgG Thermo Fisher AB_2534069 – Polyclonal Goat 1:1,200
Alexa Fluor 488

Kebir et al.

Clin Cancer Res; 29(2) January 15, 2023 CLINICAL CANCER RESEARCH490

http://fathmm.biocompute.org.uk


(2mmol/L EDTA, 0.1%BSA in 1x PBS), and incubated with human Fc
Block (1:100; BD Biosciences, Franklin Lakes, NJ) for 15 minutes at
room temperature. The BD Cytofix/Cytoperm Fixation/Permeabiliza-
tion Kit was used (BD Biosciences) according to the manufacturer’s
protocol. Conjugated antibodies were used for labeling (Table 2).
Incubation of antibodies was performed for 30minutes on ice. Prior to
the analysis, cells were washed and resuspended in FACS buffer.
Samples were assayed on a FACSCelesta Flow Cytometer (BD Bios-
ciences) using the FACSDiva software version v8.0.1.1 (BD Bios-
ciences) and data analysis was performed using the FlowJo software
version v10.5.3 (BDBiosciences). Unlessmentioned otherwise, experi-
ments were conducted in triplicates. The Aldehyde Dehydrogenase
assay was performed using the ALDEFLUOR Assay Kit (STEMCELL
Technologies, Vancouver, CA) as using manufacturer conditions.
ALDHbr cells were quantified on a FACSCalibur or a FACSCanto II
system (BD Biosciences) and analyzed by FlowJo according to man-
ufacturer suggestions with DEAB reagent as a negative control.

Protein expression analysis
Thirty microgram of total protein was separated by SDS-PAGE and

transferred onto nitrocellulose membranes (Sigma-Aldrich) by elec-
troblotting. Membranes were blocked in 5% milk powder (Carl Roth
GmbH, Karlsruhe, Germany) and TBS with 0.05% TWEEN-20 (Carl
RothGmbH) for 1 hour, suppliedwith primary antibodies overnight at
4�C or for 1 hour at room temperature (b-actin, Sigma- Aldrich) and
detected with a horseradish peroxidase (HRP)-coupled secondary
antibody using Luminata HRP Substrate (Burlington, MA) and the
ChemiDoc System (Bio-Rad, Hercules, CA; Table 3). Intensity quan-
tification was performed using ImageJ software.

Knockdown and overexpression studies
Knockdown experiments were performed using a MISSION short

hairpin RNA (shRNA) plasmid against ALDH1A1 and a non-
targeting control (Sigma-Aldrich) by lentiviral transduction. Lenti-
viruses were produced in 293FT cells using packaging reagents fol-
lowing the manufacturer’s instructions (Sigma-Aldrich). For over-
expression, coding sequences of ALDH1A1 or control-GFP were
cloned into pLenti6.2/V5-DEST Gateway Vector (Life Technologies).
Transduced cells were selected for up to 2 weeks with blasticidin (5 mg/
mL; Santa Cruz Biotechnology). Stable expression/knockdown was
confirmed byWestern blots or by qPCR using standard protocols and
the following primer sequences: ALDH1A1, GGACCAGTGCAG-
CAAATCAT (forward), TACCACGCCATAGCAATTCA (reverse);
GAPDH, CTGCTTTTAACTCTGGTAAAGT (forward), GCGCC-
AGCATCGCCCCA (reverse). For transient, siRNA-based inhibition
of ALDH1A1 expression, 10,000 cells/cm2 were seeded in ABX-free
media one day prior to siRNA transfection. The transfection was
performed using Lipofectamine RNAiMAX Transfection Reagent

(Thermo Fisher), Opti-MEM Reduced Serum Medium (Thermo
Fisher), 5x siRNA buffer (Dharmacon, Lafayette, CO), and the specific
siRNAs (20 mmol/L): ON-TARGETplus Non-targeting Pool (5 nmol;
D-001810–10–05) and ON-TARGETplus Human ALDH1A1 (216)
siRNA – SMARTpool (5 nmol; L-008722–00–0005), both from Hori-
zon Discovery (Waterbeach, UK). After 5 days, cells were seeded for
neurosphere formation as described below and an additional siRNA
transfection was performed while plating. The siRNA knockdown was
confirmed by qPCR using standard protocols and the following primer
sequences: ALDH1A1, GCACGCCAGACTTACCTGTC (forward),
CCTCCTCAGTTGCAGGATTAAAG (reverse); RPL37A,GACGTA-
CAATACCACTTCCGC (forward), GGAGCGTCTACTGGTCTTT-
CA (reverse).

Limiting dilution analysis
0.5 cells/well were seeded in five 96-well plates. Using automated

software-based cell recognition (Nyone) the distribution of single cells/
well was subsequently confirmed. After 16 days of expansion, the
developed colonies and cells were photodocumented for each colony
and counted.

Neurosphere assay
Similar to described conditions for the assay (20–22), single-cell

suspensions of 5 � 105 cells/cm2 were plated in 1:1 Methylcellulose
(Sigma-Aldrich)/proliferative media, provided with 20 ng/mL EGF/
bFGF, and inoculated into nonadhesive culture dishes. 10 ng/mL EGF/
bFGFwas added every other day thereafter. At 12 days,first-generation
(1�) neurospheres were documented (Nyone) and quantified. From
these, a single-cell suspensionwas plated under identical conditions for
analysis of second-generation (2�) neurospheres on day 24 of the assay.
To evaluate for generation of neuronal and glial phenotypes, a
representative fraction of 2� neurospheres was plated onto laminin/
poly-L-ornithine coated dishes and, after attachment, provided with
proliferative media devoid of mitogens to allow differentiation for
2 weeks. Samples were then fixed (ROTIHistofix, 4%) and processed
for standard IF analysis using the antibodies and dilutions listed
inTable 4. Cells weremounted using Aqueous Fluoroshield mounting
medium (Abcam) and imaged on a Zeiss inverted microscope. Experi-
ments were conducted in triplicates.

Orthotopic xenografts
Animal studies were approved by regulatory authority

(LANUV#84–02.04.2014.a316). 10-week-old Fox Chase SCID/beige
mice (Charles River, Germany) were engrafted with 1�106 naïveBN46
cells, unilaterally injected into the right striatum (0.7 mm anterior to
the bregma, 2.6 mm lateral from the midline, at a depth of 3.0 mm).
Drug regimens were initiated at day 60 posttransplantation. Mice
received TMZ (50 mg/kg, i.p.; 5 days per week), MK2206 (100 mg/kg,

Table 2. Antibodies and dilutions used for flow cytometry analyses.

Antibody (FACS) Conjugation Company RRID Clone Dilution

Human Fc block – BD Biosciences AB_2869554 Fc1.3216 1:100
ALDH1A1 FITC Abcam N/A 03 1:5
pAKT (pS473) PE BD Biosciences AB_1645328 M89–61 1:2.5
Active caspase-3 FITC BD Biosciences AB_397234 C92–605 1:5
ALDH1A1 – Abcam AB_867566 EP1933Y 1:100
Human IgG1 isotype control FITC BioLegend AB_2847831 QA16A12 1:25
Mouse IgG1, k isotype control PE BioLegend AB_326435 MOPC-21 1:500
Sec. antibody goat anti-rabbit Alexa Fluor 555 Life Technologies AB_2535849 1:200
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orally, 6 times once every other day) or control solvent (DMSO in
PBS); as specified. For TMZ!TMZ/MK2206, mice were first treated
with TMZ alone (50 mg/kg, i.p.; 5 days/week) for 3 weeks. Subse-
quently, TMZwas administered alternating withMK2206 (100mg/kg,
orally; 6 times every other weekday) before mice continued to receive
TMZ-only (50 mg/kg, i.p.; 5 days/week). Alternatively, for TMZ/
MK2206!TMZ, mice were treated with alternating TMZ and
MK2206 for 2 weeks, followed by TMZ-only (5 days/week). Mice
were monitored daily and euthanized in the event of clinical deteri-
oration (when neurologic symptoms such as hemiparesis or gait
disorder developed or significant weight loss occurred, defined as the
loss of > 25% of pretreatment body weight).

Statistical analysis
Unless otherwise specified, data are presented as mean � SD.

Statistical methods, including corrections for multiple testing are
described in each set of data. The significance threshold was set at
0.05. R (The R Foundation for Statistical Computing, v4.1.3) and
GraphPad Prism v8 software was used for data analysis and
visualization.

Data availability
The genomic sequencing data have been deposited at NCBI/GEO

under the accession no. GSE145128. All computational structural
information is available upon reasonable request.

Results
Discovery of ALDH1A1 subclonal enrichment

Building on previous strategies to study subclonal dynamics
ex vivo (22), we generated a ‘discovery cohort’ from n ¼ 7 patients
with glioblastoma (IDHWT; Supplementary Table S1). The cohort
consisted of primary cells isolated from treatment-naïve tissue at
initial diagnosis (naïvecells; n ¼ 7) paired with primary cells that
were generated from relapse surgery of the same patients after
clinical RT/TMZ treatment (cRcells; n ¼ 5). In two cases, where
relapse tissue was not available, and in one index case (BN118),

paired eR cells were generated by serially exposing naïvecells to TMZ
in vitro (TMZ!eRcells; n ¼ 3; Fig. 1A). A comparative analysis
of transcriptomes derived from these paired samples (n ¼ 15)
uncovered the expression of 175 potential markers linked to drug
resistance, of which eight were differentially expressed (Fig. 1B;
Supplementary Table S3). The differential expression of the top
upregulated gene ALDH1A1 (mFC, þ6.3) could be validated,
among the 175 tested, on a cohort of publicly available RNA
sequencing data of paired treatment-naïve and RT/TMZ relapse
glioblastoma tissue samples (ref. 10; Fig. 1C). We next studied
ALDH1A1 expression by IHC in FFPE tissue from an independent
‘validation cohort’ of n ¼ 38 patients with glioblastoma with
available paired primary and relapse tissues (IDHWT; Supplemen-
tary Figs. S1 and S2). Initial treatment of these patients consisted of
surgery and either RT/TMZ or radiotherapy-alone (RT-only; Sup-
plementary Table S2). In these samples, we observed distinctive
patterns of subclonal enrichment. At primary disease, ALDH1A1þ
cells were faintly stained and sparsely dispersed within the tumor.
By contrast, focal accumulations of strongly immunoreactive
ALDH1A1þ cells were evident in RT/TMZ relapse tissues
(Fig. 1D), but not in RT-only relapse tissues (Figs. 1E and F).
This finding indicated a relationship between clinical TMZ expo-
sure and the expansion of a putatively clonal ALDH1A1þ cell
population in progressing glioblastoma.

Assessment of ALDH1A1þ cells from treatment-naïve primary
disease

ALDH1A1 has frequently been described as a marker for stemness
in human cancers (23), even though early investigations found it
dispensable for stem cell function in murine hematopoietic and
nervous systems (24). Studies on human glioblastoma cell lines
suggested the enzyme as a mediator of TMZ resistance (25). Yet,
ALDH1A1 immunoscoring in glioma/glioblastoma tissue from
cohorts of primary disease inconsistently predicted patient surviv-
al (26, 27). To further explore the role of ALDH1A1 under TMZ
subclonal selection pressure, we performed a series of genetic and
pharmacologic interference assays in vitro.

Table 3. Antibodies and dilutions used for Western blots (WB).

Antigen (WB) Company RRID Clone Clonality Host Dilution

ALDH1A1 Abcam AB_867566 EP1933Y Monoclonal Rabbit 1:2,000
PTEN DAKO AB_2174185 6H2.1 Monoclonal Mouse 1:100
pAKT Cell Signaling AB_2315049 D9E Monoclonal Rabbit 1:1,000
pGSK3b Cell Signaling AB_10013750 D85E12 Monoclonal Rabbit 1:1,000
b-Actin Sigma AB_476744 AC-15 Monoclonal Mouse 1:10,000
HRP-linked anti-mouse IgG Cell Signaling AB_330924 – – Goat 1:5,000
HRP-linked anti-rabbit IgG Cell Signaling AB_2099233 – – Goat 1:5,000

Table 4. Antibodies and dilutions used for neurosphere IF analyses.

Antigen Company RRID Clone Clonality Host Dilution

GFAP Dako AB_10013382 – Polyclonal Rabbit 1:400
Tubulin b3 (TUBB3) Covance/BioLegend AB_2313773 TUJ1 Monoclonal Mouse 1:1,000
Anti-Rabbit IgG Thermo Fisher AB_2535849 – Polyclonal Goat 1:800
Alexa Fluor 555
Anti-Mouse IgG Thermo Fisher AB_2534069 – Polyclonal Goat 1:800
Alexa Fluor 488

Abbreviation: GFAP, glial fibrillary acidic protein.
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We first noted that serial exposure of naïvecells to TMZ
(generating TMZ!eRcells) resulted in increased ALDH-bright
(ALDHbr) cell frequencies and ALDH1A1 protein levels in eR cell
populations. For example, in the TMZ!eRBN46model, the ALDHbr cell
fraction increased frommeans of 6% (naïveBN46) to 55%, accompanied
by a 37-mFC of ALDH1A1 in the flow cytometry analysis (Fig. 2B;
Supplementary Fig. S2B). This effect could not be observed upon serial
in vitro exposure to ionizing irradiation (resulting in RT!eRcells, see
Methods; Fig. 2A; Supplementary Fig. S2A). These data further
indicated that the observed increase of ALDH1A1þ cells at glioblas-
toma relapse may be a specific effect of TMZ.

We next tested the naïveBN46 patient cells in a protracted in vitro
assay and observed that their recurrent growth upon TMZ exposure
could be repressed by pharmacologic inhibition of ALDH with DEAB
or by knockdown of ALDH1A1 expression with shRNA (Fig. 2C
and D). We speculated that, in line with the literature (25), increasing
ALDH1A1 would mediate increasing TMZ resistance. In overexpres-
sion experiments, we observed that ALDH1A1high naïvecells recovered

up to three weeks earlier from serial TMZ exposure compared with
control naïvecells transduced with green fluorescent protein (GFP
Ctrl; Fig. 2E). However, cocultures of ALDH1A1high and GFP Ctrl
cells (1:1 ratio) revealed similar initial drug response kinetics
(Fig. 2F). This argued for a similar degree of TMZ sensitivity, at
least during initial exposure, in both cell types and against an
intrinsic TMZ resistance in treatment-naïve ALDH1A1high cells.
Furthermore, population-based knockdown or overexpression of
ALDH1A1 in naïveBN46 patient cells did not strongly alter stemness-
associated features (Supplementary Fig. S2C). Moreover, we did not
observe significant effects on clonogenicity and clonal cell growth as
determined by the limiting dilution assay (Fig. 2G; Supplementary
Fig. S2D). Similarly, in the neurosphere assay, the frequency of neuro-
sphere-forming cells (indicator for clonogenicity), the ratio between
primary (1�) and secondary (2�) neurospheres (indicator for self-
renewal), and the ability to generate neuronal and glial phenotypes
(indicator for potency), did not vary significantly among the tested
conditions (Fig. 2H; Supplementary Fig. S2E–S2G).

Figure 1.

Discovery of ALDH1A1 subclonal enrichment in cohorts of paired patient tissue and vital cells.A andB,Discovery cohort.A, Scheme illustrates derivation of tissue and
primary cell samples from treatment-naïve primary disease, and from paired cR or eR. cR samples represent the status post clinical treatment (e.g., RT/TMZ). eR
samples represent the status post in vitro exposure to TMZ (TMZ!eR) or irradiation (RT!eR, not shown). Graph depicts the generation of TMZ!eRcells, monitored
in vitrobyCellavista-based false-colored cell recognition (green, cells; red, plasticware; blue bar, 16-dayexposure to 500mmol/L TMZ; endpoint, 60days).B,Network
represents protein interactions of 175 candidate genes using the HIPPIE database. Colored areas denote functional categories. Differential expression of selected
genes from the discovery cohort are represented as mFC from �4.0 (red) to þ6.3 (green). C, Plot represents differential gene expression of 175 candidate genes
within a set of paired tissue samples from n ¼ 37 patients with IDHWT glioblastoma (reference cohort; ref. 10). Dashed lines represent thresholds used to select
differentially expressed genes (Methods; Supplementary Table S3). D, Representative ALDH1A1 IHC images of paired glioblastoma tissue samples before and after
clinical RT/TMZ therapy. Arrow: ALDH1A1þ cell. E, Representative ALDH1A1 IHC images of paired glioblastoma tissue samples before and after clinical RT-only. Blue,
hematoxylin counterstain; brown, permanent diaminobenzidine reaction forALDH1A1. Scale bars (D,E): 200 mm(overviews) and 50 mm(insets).F,Graph represents
ALDH1A1þ cell frequencies in glioblastoma tissue scored from IHC (< 1% ¼ 0; 1%–5% ¼ 1; 6%–25% ¼ 2; 26%–50% ¼ 3; > 50% ¼ 4) in paired naïve versus relapse
glioblastoma tissue sections. Primary clinical treatment involved either RT-only or combined RT/TMZ (Supplementary Table S2). P value by Fisher exact test.
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This set of data confirms on the one hand the association of TMZ
and ALDH1A1 expression in glioblastoma, but on the other hand
suggests that ALDH1A1 is not necessary to drive subclonal progres-
sion of primary disease.

AKT drives the progression of ALDH1A1þ cells in glioblastoma
Because glioblastoma stem cells have been shown to adapt under

treatment (28), and in particular, ALDH1A1þ cells have been sug-
gested to adapt in response to clinical EGFR inhibitor therapy (29), we
speculated that ALDH1A1þ cells may acquire adaptive molecular
features upon TMZ exposure. To test this hypothesis, we compared

ALDH1A1 cells from treatment-naïve and paired relapse conditions
in vitro.

Clinical RT/TMZ relapse cell samples demonstrated consistent, yet
variably strong increases of ALDH1A1 compared with their paired
naïvecell populations (Fig. 3A; Supplementary Fig. S3A). By flow
cytometry, we determined respective mFCs of 84.0 (cRBN91), 32.3
(cRBN118), 0.9 (cRBN123), and 2.2 (cRBN132). The data distribute
around the mFC of 37.0 recorded for eR TMZ!eRBN46 cells (Supple-
mentary Figs. S2B and S3B), which we further used as a reference for
analysis. Performance of these ‘naturally’ ALDH1A1-enriched cR
samples was then evaluated in the neurosphere assay (Supplementary

Figure 2.

Assessment of ALDH1A1þ cells from primary,
treatment-naïve glioblastoma. A, Bar chart
displays ALDEFLUOR-based quantification of
ALDH-bright (ALDHbr) vital cells from naïve vs.
eR conditions, i.e., status post in vitro exposure
to TMZ (TMZ!eR) or irradiation (RT!eR).
Two cases of patient cells shown (BN46,
BN118). Data as mean� SD. P values by one-
way ANOVA with Tukey post hoc test. Upper
inset: Representative flow cytometry profiles
of BN46 cells from the assay. Lower inset:
Western blots of respective samples. B, Histo-
grams represent ALDH1A1 flow cytometry data
from naïve versus eR BN46 cells. (C–F), Long-
term, triplicate in vitro assays on treatment-
naïve BN46 cells. In all graphs, TMZ exposure
(16 days, 500 mmol/L) is shown as blue bar on
the x-axis. Data asmean� SEM.C,Dynamics of
cell confluence under control conditions (0.01%
DMSO) versus continuous exposure to DEAB.
D, Dynamics of cell confluence with shRNA
interference of ALDH1A1 expression. shNT,
non-targeting control. Inset: Western blot of
assayed samples. E, Dynamics of cell conflu-
ence upon ALDH1A1 overexpression (Ovx) GFP
Ctrl, green fluorescent protein-control. Inset:
Western blot of assayed samples. F, (1:1) co-
culture of ALDH1A1 Ovx/GFP Ctrl BN46 cells.
Displayed are the dynamics of cell fractions
during TMZ exposure (fluorescence-detected
GFP-expressing Ctrl cells vs. all cells). G, Lim-
iting dilution assay evaluating clonal expansion
of individually plated naïveBN46 shALDH1A1
and naïveBN46 ALDH1A1 Ovx cells and their
respective controls (see Supplementary
Fig. S2D). The left dotplot shows counted
clones, the right dotplot shows counted cells
per clone at 16 days after plating. H, Neuro-
sphere assay evaluating first and second
neurosphere generation of naïveBN46 shALDH1A1
and naïveBN46 ALDH1A1 Ovx cells and their
respective controls. Dotplot shows estimation
of neurosphere-forming cell frequencies from
counting generated neurospheres 12 days after
seeding of cells. Upper insets: Phase contrast
appearance of respective neurospheres. Data in
G and H shown as mean� SD. P values obtained
by pairwise comparisons using Wilcoxon test,
adjusted for multiple testing.
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Figure 3.

AKT-driven progression of ALDH1A1þ cells in glioblastoma. A, Bar chart represents ALDH1A1 mean fluorescence intensities (MFI) normalized to isotype control in
paired treatment-naïve versus cR patient cell samples measured by flow cytometry. Mean � SD. P values obtained by pairwise comparisons using Wilcoxon test,
adjusted for multiple testing. Inset: Representative histograms of case BN118 (gray, isotype controls). B, Neurosphere assay of ALDH1A1 siRNA and non-targeting
control (siNT) of paired treatment-naïve versus cR cell samples (BN118, BN123; also see Supplementary Figs. 3D andE). Individual data points represent triplicates (1�)
and duplicates (2�) per case. Results normalized to siNT and shown as mean � SD. P values obtained by pairwise comparisons using Wilcoxon test, adjusted
for multiple testing. C, GSEA using microarray gene expression data of experimental and cR cells (TMZ!eR and cR) and treatment-naïve cells of the
“discovery cohort.” The top 15 leading edge genes associated with two or more significantly enriched pathways are displayed. P value calculated by Fisher
exact test. D, Protein expression patterns in paired primary cell samples determined by Western blot. E, Bar chart represents pAKT (Ser473) MFI normalized to
isotype control in paired treatment-naïve versus cR patient cell samples measured by flow cytometry. Mean � SD. P values obtained by pairwise comparisons
using Wilcoxon test, adjusted for multiple testing. Inset: Representative histograms of case BN118 (gray, isotype control). F, Bar chart showing percent
ALDH1A1/pAKT (Ser473) co-expressing cells as determined by flow cytometry in paired samples (treatment-naïve vs. cR; see Supplementary Fig. S3I). Data
shown as mean � SD, P values calculated using a Kruskal–Wallis test followed by Dunn post hoc test. G, Representative IF images of pAKT (Ser473) and
ALDH1A1 of naïveBN46 orthotopic xenografts from mice treated with DMSO (OS ¼ 93 days) and TMZ (OS ¼ 126 days). Respective treatment schedules in
Figure 4J. Scale bars: 20 mm. H, Representative IF of pAKT (Ser473) and ALDH1A1 in paired patient glioblastoma tissue before (at primary disease, treatment-
naïve) and after clinical RT/TMZ (at glioblastoma relapse). Scale bars: 20 mm. I, Barplot showing frequencies of ALDH1A1þ/pAKT (Ser473)þ cells counted in
paired glioblastoma tissues of the validation cohort (Supplementary Fig. S1). Primary clinical treatment involved either RT-only or combined RT/TMZ
(Supplementary Table S2). Data displayed as mean � SD, P values obtained by one-way ANOVA with Tukey post hoc test.
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Figs. S3C and S3D). We noted that knockdown of ALDH1A1 in
cRBN118 and cRBN123 cells resulted in a uniformly strong decrease
of clonogenic activity, by 70%�4% and 69%�7% for 1� and 2�

neurospheres, which is in strong contrast to the almost unchanged
activity after knockdown of ALDH1A1 in the paired treatment-naïve
samples (Fig. 3B). Similarly, for the TMZ!eRBN46 cells, knockdown of
ALDH1A1 reduced 1� and 2� neurospheres by 48%�2% and 56%�7%
respectively, while the clonogenic activity of the parental naïveBN46
cells remained hardly affected (Supplementary Figs. S3D and SD3E).
These data further supported the hypothesis that exposure of TMZ
leads to an enrichment of ALDH1A1þ cells characterized by altered
functional activity.

To discover potential underlying mechanisms, we used GSEA
on the paired expression data of the ‘discovery cohort’ revealing
PI3K–AKT pathway genes more frequently enriched across the lead-
ing edges of all significantly enriched pathways (Fig. 3C). To test
if this enrichment underlies genetic events, we analyzed single
nucleotide variants in the paired samples using whole-exome sequenc-
ing. FATHMM, retaining all variants documented as pathogenic
with a major allele frequency of at least 10%, did not reveal significant
differences in the mutational profile of relevant PI3K–AKT pathway
driver genes in treatment-naïve versus relapse samples (P ¼ 0.9743;
Supplementary Table S4). However, we did observe increased
pathway activity demonstrated in paired naïvecells vs. experimental
and cR samples by Western blot and flow cytometry (Fig. 3D
and E; Supplementary Figs. S3F and S3G). In particular, pAKTþ/
ALDH1A1þ double-positive cells represented only 5%�0.04% of the
treatment-naïve cells and up to 49% (mean 28%�13%) of the total cell
population in the paired cR samples. This subclonal enrichment was
consistent in 4 of 4 pairs of naïve versus clinical RT/TMZ relapse
sampleswithmFCs of 3.8 (cRBN91), 7.9 (cRBN118), 2.8 (cRBN123), and
3.8 (cRBN132; Fig. 3F; Supplementary Fig. S3H) and in naïve versus eR
cells (TMZ!eRBN46; mFC¼ 3.1; Supplementary Figs. S3I and S3J), but
not in in vitro exposed naïve cells to ionizing irradiation (Supplemen-
tary Fig. S3J). Furthermore, the emergence of pAKTþ/ALDH1A1þ
cellular enrichment could be verified as well in TMZ-treated tumor
xenografts (Fig. 3G) and in original patient tissue (Fig. 3H). IF analysis
of FFPE specimens of the ‘validation cohort’ (Fig. 3H and Supple-
mentary Table S2) revealed in the treatment-naïve as well as in the
paired clinical RT-only relapse tumor tissue, rare ALDH1A1þ cells
intermixed with heterogeneously distributed pAKTþ cells. By con-
trast, we noted characteristic clusters formed by abundantly co-
expressing ALDH1A1þ/pAKTþ cellular phenotypes in the paired
clinical RT/TMZ relapse tissue, but only few in the RT-only relapse
tissue (Fig 3I), indicating that this effect was specific to TMZ.

pAKT is known for its heterogeneous distribution in human
glioblastoma (30) and there is a large body of evidence on glioblas-
toma-promoting AKT activity (31). Early research had already sug-
gested an involvement of AKT in stem-like properties of cancer cells
and during glioma formation (32, 33). A subclonally confined process
of aberrant AKT signaling that evolves dynamically under TMZ
exposure from primary disease towards glioblastoma relapse has
hitherto not been described.

Targeting of AKT-driven subclonal progression of ALDH1A1þ
cells

To explore drug targeting under this premise, we tested the clinical-
grade allosteric AKT inhibitor MK2206 (34) in vitro, in a paradigm
involving continuous TMZ exposure (Fig. 4A). TMZ resistance levels
were consistently increased in the (TMZ preexposed) experimental
and cR cells vs. their paired treatment-naïve samples, as quantified by

read-out of cell confluence and viability on days 8 and 10, respectively
(Fig. 4B andC). Combinatorial application ofMK2206 (5mmol/L) did
not alter the sensitivity of treatment-naïve cells to TMZ, but it
efficiently reverted the high levels of TMZ resistance in relapse cells
to the more sensitive status of paired treatment-naïve cells (Supple-
mentary Fig. S4A). Intriguingly, we noted that the combinatorial
application of MK2206 in vivo also reverted the increasing levels of
proliferative activity inALDH1A1þ cells characteristically observed in
TMZ-treated tumor xenografts (Fig. 4D and E; Supplementary
Fig. S4B). This correlated with increasing levels of active caspase-3,
a classic apoptosis marker (ref. 35; Fig. 4F). Notably, the pro-apoptotic
effect of MK2206þ TMZ in relapse cells even appeared to exceed the
antitumor effects that TMZ-alone had in treatment-naïve cell samples
(Fig. 4G). And, in line with the hypothesis of anAKT-driven subclonal
progression of ALDH1A1þ cells, we observed that the application
experiments of MK2206 þ TMZ targeted the vast majority of
ALDH1A1þ cells within the experimental and cR cell populations
(Fig. 4H; Supplementary Fig. S4A).

On the basis of the collective findings of our study, we next designed
a rational targeting strategy for ALDH1A1þ glioblastoma cells. To
interfere with the dynamics of ALDH1A1þ subclonal progression, we
assayed TMZ and MK2206 in the long-term in vitro approach
originally used to generate experimental TMZ!eRcells. We observed
that MK2206 alone did not inhibit cellular proliferation, it rather
prevented eR when applied subsequently to TMZ exposure in vitro
(Fig. 4I). Sequential treatment was therefore modeled in follow-up
xenograft experiments. Schedules were initiated in SCID/beige mice at
day 60 after orthotopic implantation of naïveBN46 cells, corresponding
to 67% of the vehicle control mOS time (DMSO ¼ 90 days; Fig. 4J;
Supplementary Fig. S4C).MK2206monotherapy did not alter survival,
but TMZ did, in line with clinical expectations [mOS (TMZ) ¼
112 days; mOS (DMSO vs. TMZ), P ¼ 0.0005]. The combination of
MK2206, within the first 2 weeks of TMZ treatment, did not have an
added benefit. However, delayed addition of MK2206, during weeks 4
to 5, of TMZ exposure extended survival significantly [mOS
(TMZ!TMZ/MK2206) ¼ 136 days; mOS (TMZ vs. TMZ!TMZ/
MK2206), P < 0.0001; Fig. 4D]. In summary, these results showed that
the appropriately timed treatment sequences of TMZ þ MK2206
yielded a > 2-fold survival benefit over the already effective TMZ
monotherapy, illustrating a sequential targeting paradigm for rational
interference with AKT-driven subclonal progression in glioblastoma
(Fig. 4K).

Discussion
TMZ-based treatment schemes represent a cornerstone of the

primary care measures in glioblastoma (1). Resistance to TMZ is
considered the limiting factor of effective therapy; a variety ofmechan-
isms and molecular constellations (e.g., an unmethylated MGMT
promotor status) likely contribute to resistance of tumor cells against
the actions of this chemotherapeutic (5). Restricted populations of
preexisting glioma stem cells had been considered as intrinsically
resistant and as drivers for progression of disease (e.g., ref. 37). It was
tempting to likewise consider the rare ALDH1A1þ cells at primary
disease as prototypical resistant clones, because they accumulate in
paired recurring tumor tissue after clinical treatment. Our investiga-
tion could not reveal evidence for primary resistance, we instead
observed that these cells can adapt, specifically to TMZ exposure, and
thenproliferate under the continued influence as amoreTMZresistant
hierarchy, driven by aberrant AKT signaling. This occurred irrespec-
tive of the MGMT promotor status and without association of
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Figure 4.

Targeting of AKT-driven subclonal progression of ALDH1A1þ cells.A,Graph shows percent in vitro cell confluence of paired naïve versus eR cells (BN46) treatedwith
control DMSO (0.05%) versus 500 mmol/L TMZ (software-based cell recognition, NyOne). Data shown asmean� SD of n¼ 3 technical replicates. B, Percent in vitro
cell confluence of cells derived from paired naïve versus eR (BN46) or naïve versus cR samples (BN118, BN123, BN132) treated with TMZ (500 mmol/L) versus TMZ
(500 mmol/L) þ MK2206 (5 mmol/L). Data normalized to DMSO-control and shown as mean � SD, n ¼ 3 technical replicates, NyOne-readout on day 8
(Supplementary Fig. S4A). C, Bar plots show cell viability readouts on day 10 (alamarBlue) for samples described in B. Data were normalized to DMSO-control
and shown as mean � SD of n ¼ 3 replicates. P values calculated by one-way ANOVA followed by Tukey post hoc test. D, Representative IF images of ALDH1A1
and Ki67 of naïveBN46 orthotopic xenografts from mice treated with DMSO (OS ¼ 87 days) and TMZ (OS ¼ 126 days). Arrows: ALDH1A1þ/Ki67� cells (left) and
ALDH1A1þ/Ki67þ cells (right). Scale bars: 20 mm. E, Dot plot shows percent ALDH1A1þ/Ki67þ cells per treatment condition in the BN46-PDX model. Treatment
schedules in J. n ¼ 4 slides per condition; DMSO-treated (24 HPFs) TMZ-treated (19 HPFs), TMZ þ MK2206-treated (24 HPFs). Results as mean � SD, P values
calculated by one-wayANOVA followed by Tukey post hoc test. F, Bar plot represents MFI of active caspase-3measured by flow cytometry on day 10 of exposure to
TMZ (500 mmol/L) versus TMZ (500 mmol/L)þMK2206 (5 mmol/L). Data from unicate analysis of samples representing experimental (TMZ!eR; BN46) or clinical
(RT/TMZ; BN118, BN123, BN132) relapse status, normalized to DMSO control. G, Histograms represent active caspase-3 flow cytometry data from naïve versus eR
BN46 cells treated with DMSO, TMZ, and TMZ þ MK2206. H, Bar plot representing percent ALDH1A1þ/active caspase-3þ double-positive cells measured by
flow cytometry at day 10, n¼ 4 samples (described in B), results shown as mean� SD, P values calculated using the Kruskal–Wallis test followed by Dunn post hoc
test. I, Graph shows percent in vitro cell confluence of paired naïve cells (BN46 sample) treated with 500 mmol/L TMZ (16 days), MK2206-alone (1 mmol/L, 16 days),
and sequential TMZ (500 mmol/L, 16 days)!MK2206 (1 mmol/L, up to the end of assay). Data are shown as mean� SEM (of n¼ 3 technical replicates). J, Kaplan–
Meier plot of BN46-based orthotopic xenografts under various mono- and combination therapy schedules as shown (see Methods). n¼ 5–9mice/group. Statistical
analysis of the data is reported in Supplementary Fig. S4C. K, Cartoon illustrates sequential strategy to interrupt AKT-driven subclonal progression as a rational
targeting paradigm.
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mutational profiles in relevant PI3K–AKT pathway drivers in the
investigated cohort. For an overall statement on the potential
impact of molecular constellations, including the status of MGMT
expression, appropriately powered translational and clinical studies
are needed. Nevertheless, the dynamics of this process resembled
the behavior of drug-tolerant persister cells found in response to
chemotherapies and targeted anticancer agents, e.g., in melanoma,
lung and colon cancer (38, 39). Drug tolerance and stem cell
plasticity have already been described in glioblastoma, at least
following receptor tyrosine kinase (RTK) inhibition, via epigenet-
ically mediated Notch signaling (40). Resistance mechanisms that
operate at the phenotypic level conferring resilience through adap-
tive plasticity represent a new theme in glioblastoma research,
because this could explain why limited genetic evolution is observed
at disease recurrence (9–11, 41, 42).

ALDH1A1þ cells may represent an archetype of glioma stem cells
in that regard and extensive follow-up investigation could aim at
characterizing the molecular machinery and the microenvironmental
interactions that these cells use to resist treatment. In this study, our
main concern was the therapeutic consequence of their subclonal
progression, particularly considering the very limited range of clinical
options at glioblastoma relapse (1, 43, 44). The most obvious choice
would be the targeting of ALDH1A1 itself. There are drugs already
available broadly inhibiting aldehyde dehydrogenases (e.g., disulfi-
ram), which unfortunately can show severe side effects and toxici-
ty (45). Isoform-specific inhibitors are under development (23), but
their safety profile remain to be elucidated under the premise that
ALDH1A1 is also expressed during development and in the adult
brain (27, 46). We therefore approached the alternative, provided by
the marked upregulation of pAKT in the target cells. Our study
however lacks detailed analyses on the mechanistic links between
ALDH1A1 and AKT, which may be part of a complex regulatory
mechanism involving epigenetic regulation, lipid and retinol metab-
olism, mitochondrial function, and pleiotropic downstream effects on
oncogenic signaling (23, 25, 29). We also considered, but referred for
future investigation, to clarify whether re-irradiation may have a
potential benefit under this constellation at glioblastoma relapse,
which could have an impact on current clinical practice (47–49).

AKT is a known suppressor of apoptosis (50), and clinical-grade
inhibition can be associated with improved progression-free and
overall survival in advanced, pathway-altered solid tumors (51, 52).
Targeting the related axis of RTK–PI3K–AKT–mTOR signaling
is an ongoing matter in clinical neuro-oncology trials as well
(53). AKT inhibitors can be well tolerated, but appear to remain
ineffective as a monotherapy, at least in heavily pretreated patients
(54). This may be attributed to the pharmacokinetic challenges
of the blood-brain-barrier and CNS penetration (55), but it also
could be related to the need of an adequate combinatorial treat-
ment (56) and, as we would like to suggest here, to the additional
need to stratify patients based on the dynamics of subclonal
progression.

Targeting subclonal progression is not yet standard of care in
glioblastoma. Our data on clinical specimens suggest that the expan-
sion of individual subclones may be a direct consequence of a
therapeutic component in the preceding treatment schedule. The cells
that initiate subclonal enrichment may not be intrinsically resistant to
that specific therapeutic. Thus, for the detection of aberrant subclones,
analysis of recurring tumor tissuemay bemandatory. Aswehere reveal
ALDH1A1þ cells as a dynamic and TMZ-adaptive population during
first-line treatment, future second-line trials would have to determine
the content ofALDH1A1þ/pAKTþ target cells prior to the addition of

AKT inhibitors. To optimize treatment response to this dynamic and
indirect targeting approach, AKT inhibition should only be initiated
when the target population is considerably expanded. To determine
themost appropriate time point and duration of the sequence, adaptive
trial designs may be needed.

Combinatorial drug therapy is widely considered a mainstay of
treatment in malignant cancers (57), and heterogeneity of driving
disease mechanisms and associated targets may serve as a well-
grounded basis for the choice of treatment combinations (58). Our
work additionally highlights the fact that the timing of combina-
torial schemes may affect the dynamics of intra-tumor subclones
and via their expansion the occurrence of treatment resistance and,
eventually, the course of disease. Recent evidence in a subset of
malignant glioma has already exposed that concomitant vs. adju-
vant TMZ schedules may impact on survival outcome (59). This
further emphasizes the importance of the chronological sequence of
compound combinations for rational interference with glioblasto-
ma progression. Targeting the predictable subclonal trajectory of
ALDH1A1þ cells by temporally restricted interference with AKT
may be swiftly applicable to clinical practice and outperform
contemporary TMZ-based treatment standards.
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